Abstract: Factorial combinations of soil compaction and organic matter removal were replicated at the Long Term Site Productivity study in the Croatan National Forest, near New Bern, North Carolina, USA. Ten years after planting, 18 preselected loblolly pine (Pinus taeda L.) trees were destructively harvested to quantify treatment effects on total above-and below-ground tree biomass and to detect any changes in the absolute and relative allocation patterns. Stem volume at year 10 was not affected by compaction treatments, even though the ultisols on these sites continued to have higher bulk densities than noncompacted plots. However, even when site preparation treatments were undetectable aboveground, the treatments significantly altered absolute root growth and tree biomass allocation patterns. Soil compaction decreased taproot production and significantly increased the ratio of aboveground to belowground biomass. Decreased root production will decrease carbon and nutrient stores belowground, which may impact future site productivity.
Introduction
Soil compaction and slash removal during harvest have immediate and potentially long-term effects on soil properties (Greacen and Sands 1980) . Soil physical properties directly affect water and air movement through the profile and have immediate impacts on water and nitrogen availability to root systems (Rygiewiez et al. 2004 ). However, the extent to which root growth patterns and potential are directly affected by soil physical conditions and the duration of the effect are debatable. Soil organic matter characteristics similarly affect nutrient budgets, nutrient availability, and soil physical properties and, thus, can significantly affect root growth rate. Nutrient and water availability can also affect aboveground tree growth and vigor.
Soil compaction of fine-textured or wet soils typically affects soil physical characteristics by increasing soil bulk density; decreasing soil porosity, aeration and infiltration capacity; and increasing soil strength and, potentially, water runoff and soil erosion. Data from various sources indicate that increases in bulk density of coarse-textured soils have little or no effect on plant growth (Ares et al. 2005; Powers et al. 2005) but that comparable increases in bulk density of fine-textured soils have substantial effects on plant growth (Helms 1983; Alexander and Poff 1985; Powers et al. 2005) . Other studies suggest that, even without significant differences in bulk density, important changes in macroporosity will affect water and air movement through soil, thus potentially impacting root proliferation and distribution (Aust et al. 1995) .
The amount of slash left on site or incorporated into the soil will moderate soil temperature and moisture, and impact nutrient storage and availability. Increases in soil temperature and moisture after canopy removal, in addition to the mixing of litter and debris with mineral soil, increase biological activity and nutrient immobilization (Eisenbies et al. 2005) . Any management practice that decreases long-term nutrient storage pools on a site has the potential to impact future site productivity. Because root systems from mature loblolly pines (Pinus taeda L.) can persist for more than 60 years after harvest (Ludovici et al. 2002a) , tree roots have the potential to impart long-term influences on soil properties and processes. To that end, silvicultural impacts on root growth and biomass distribution should be better understood.
The purpose of this experiment is to quantify total aboveand below-ground tree biomass at age 10 and determine to what extent the absolute and relative allocations shift when site quality changes because of soil compaction and organic matter removal. The specific objectives are to (i) quantify total tree allocation patterns and (ii) assess biomass partitioning for a sample of normally developing 10-year-old trees in response to soil compaction and organic matter (OM) removal treatments.
Materials and methods

Site and treatment description
In 1991, researchers with the USDA Forest Service Southern Research Station cleared a 60-year-old natural pine-hardwood stand on the Croatan National Forest in Craven County, North Carolina, and designated three 4 ha blocks (NC1, NC2, and NC3) for a Long Term Site Productivity (LTSP) study (Powers et al. 1989) . 1 The site was blocked to account for soil drainage characteristics. The soil in NC1 is primarily a moderately well-drained Goldsboro soil (fine-loamy, siliceous, thermic aquic Paleudults), whereas the soils of NC2 and NC3 are somewhat poorly drained Lynchburg soils (fine-loamy, siliceous, thermic aeric Paleaqualts according to the USDA classification; Gleyic Acrisol in FAO soil unit). Additionally, the soil of NC3 is more poorly drained than that of NC2. Nine treatment plots were established in each block where three levels each of soil compaction and OM removal were applied in a 3 Â 3 factorial design (Duarte 2002; Sanchez et al. 2006a ). Precipitation and temperature data were collected from a weather station at the LTSP site. Information from the nearby Cherry Point Marine Base was used to supplement on-site climate data (www.cherrypoint.usmc.mil/weather/, accessed 2005).
Experimental LTSP treatments were imposed on 0.4 ha measurement plots using three levels of soil compaction (C0, none; C1, intermediate; C2, severe) and three levels of OM removal (OM0, stem only; OM1, whole tree; OM2, whole tree plus forest floor). Treatment plots were further split into those treated with herbicides (U-) to achieve a complete and continual competition-free condition or untreated (U+) to achieve no competition control. Plots receiving the C0 treatment were not driven on during either harvesting or site preparation. The C2 treatment was intended to be within 20% of the approximate growthlimiting bulk density (Daddow and Warrington 1983) . The C1 treatment levels were designed to be near the midpoint between the C0 and C2 treatment levels.
Tree boles were removed by cranes on the C0 plots, and the increased levels of OM removal on the other C0 treatment combinations were accomplished by hand. On the C1 plots, tree boles were removed with skidders and any additional OM removal on the other C1 combination plots was done by hand. A bulldozer equipped with a shear blade removed the forest floor on the C2 plots. To facilitate severe compaction on the OM0 and OM1 plots, branches, foliage, and other forest floor material were removed prior to compaction. Mineral soil was compacted with a vibrating drum roller, without vibration on the C1 plots and with full vibration on the C2 plots. Branches, foliage, and other material removed prior to compaction were redistributed by hand on OM0 and OM1 plots. The U-plots were kept competition free using the herbicides Accord, Arsenal, and Oust. Brushsaws were used to remove volunteer pines and residual hardwoods.
Collection of soil bulk density samples were made by depth from mineral soil surface (0-10, 10-20, and 20-30 cm) using fixed volume soil rings (Blake and Hartge 1986) . Pretreatment measurements included three randomly located cores per treatment plot and depth, whereas six cores per treatment plot per depth were collected to determine posttreatment soil bulk density values. All soil within that fixed volume was oven-dried and weighed. Calculations of soil bulk density used soil dry mass divided by the fixed volume.
A mixture of 1-0 half-sib loblolly pine families were hand planted at a 3 m Â 3 m spacing. Every plot contained 242 seedlings such that the interior measurement plot had 80 trees, and each side of each plot was bordered by three rows of trees. Seedlings were planted after the silvicultural treat- ments were applied, and all trees on a plot were treated in the same manner.
Growth and biomass measurements
Quantification of whole-tree biomass requires the destructive harvest of aboveground and belowground tree components and involves serious soil disturbance that could compromise the integrity of a long-term study. A decision was made to preselect trees in the innermost of the three border rows for their conformity to treatment mean height, diameter, and volume growth. A subset of six treatments was selected for this study, such that two levels of soil compaction (C, none; C2, severe) and three levels of organic matter removal (OM0, stem only; OM1, whole tree; OM2, whole tree plus forest floor) were included from each block; thus, 18 trees were destructively sampled for these analyses. To remove any effect of competition on tree growth and focus on the impacts of soil compaction and OM removal treatments, only the complete competition control plots (U-) were used in this assessment of biomass.
Tree heights were measured with a hypsometer, and diameters at breast height were measured bidirectionally with calipers before trees were directionally felled. Complete field collections of boles, branches, and foliage material were made by component for each tree, and all material was oven-dried at 70 8C to a constant mass. In addition, live branches were subsampled, such that foliage and stem tissue from the first flush of 2001 was collected from outer branches in the upper one-third of the crown, and a 5-7 cm slice of the bole, at breast height, was collected for percent moisture corrections and chemical analyses.
Root components for each tree were collected from a 2 m Â 2 m Â 1 m (4 m 3 ) volume of soil, centered on each target tree. Because fine roots may detach from larger diameter roots during rigorous extraction, they were excluded from this experiment. The entire soil volume was processed through a field sieve, and all remaining roots were collected by depth at 0-15, 15-30, 30-45 and 45-100 cm and separated into three size classes. A field sieve was used to collect all pine roots without regard to which tree they originated from.
Taproot and lateral root materials were placed into white burlap bags for transport to the laboratory. Each first-order lateral root was separated from the taproot where it initiated. Individual lateral roots were separated into 5-15 mm and >15 mm size classes. The number of first-order laterals >15 mm was recorded. Each root component was oven-dried at 70 8C to a constant mass, and dry masses were recorded to the nearest gram. Total aboveground biomass (AGB) was the sum of bole, branch, and foliage masses. Total belowground biomass (BGB) was the sum of taproot and roots >15 mm and 5-15 mm.
Statistical analyses
The whole-tree biomass and allocation study was designed as a 2 Â 3 factorial of two soil compaction and three OM removal treatments replicated in three complete blocks. Effects of soil compaction and OM removal treatment on aboveground growth measurement, as well as absolute biomass measurements and individual component allocation, were tested using two-way analyses of variance (ANOVA) for a randomized complete-block design (Proc GLM, Statistical Analysis Systems software, version 6.12; SAS Institute Inc. 1985, Cary, N.C). Treatments were considered significant at the 0.05 level unless otherwise noted, and Duncan's mean separation tests were performed as needed.
The LTSP study was designed as a 3 Â 3 factorial, with a split plot for herbicide treatment replicated in three complete blocks. Effects of soil compaction, OM removal, and herbicide treatment on tree height, diameter, stem volume, and stand mortality were tested using the GLM procedure for a factorial split-plot design and were considered significant at the 0.05 level. It was important to include statistical analyses of the aboveground growth parameters from that larger study to add perspective to results from the subset of treatments used in this whole-tree harvest and allocation assessment.
Results and discussion
Soil compaction treatments significantly increased bulk density on the Croatan LTSP site. The machinery used to implement treatments on these sites was chosen as much for the opportunity to ensure multiple levels of soil compaction as they were to replicate common silvicultural practices. Skidders have been, and are still, used in operational harvests. Attention to soil texture, water regime, and season influence when harvesting can be accomplished and what equipment can be used. Shear blades were used for decades to remove slash and debris and increase ease of planting and site preparation treatments (Edwards 1994; Miller and Edwards 1997) . For this study, soils in every block were included and delineated into three 10 cm depth increments for each combination of the two soil compaction levels and three OM removal treatments. One year posttreatment, the mean soil bulk density in the surface 10 cm was statistically different (p = 0.002): 1.23 gÁcm -3 and 1.48 gÁcm -3 for the C0 and C2 plots, respectively (Fig. 1) . One year posttreatment, the mean soil bulk density in the 10-20 cm depth was also statistically different (p = 0.018): 1.46 and 1.61 gÁcm -3 , for the C0 and C2 plots, respectively (Fig. 1) . The mean soil bulk density continued to be statistically different (p = 0.024) in the 10-20 cm depth even 10 years posttreatment: 1.40 and 1.54 gÁcm -3 for the C0 and C2 plots, respectively (Fig. 1) . Bulk density values from years 1 and 5 posttreatment for the Goldsboro soils in block 1 have previously been published in Page-Dumroese et al. (2006) .
Soil compaction has been shown to adversely impact root penetration in deeper parts of the soil and create water stress in trees (Nambiar and Sands 1992) . Tiarks and Shoulders (1982) also concluded that volume of soil or depth to available water was more important for root exploration than any soil chemical property. Differences in latent water availability between the blocks on this site, although unreplicated, may explain block source differences in growth response to soil compaction.
Tree growth and biomass production
Tree height, diameter, and stem volume of the trees included in this whole-tree biomass study were not affected by soil compaction or OM removal treatments (Table 1) . Statistical analyses of the preselected trees confirmed that they measured within the 85% confidence limits for mean plot height, diameter, and stem volume and were well within the stem volume frequency distributions for their respective treatment combination (Fig. 2) . This consistency supports that the preselected trees are representative of trees on the measurement plots and that the results can be related to the larger LTSP study. The 18 preselected trees were then used to evaluate AGB and BGB accumulation and allocation responses to soil compaction and OM removal treatments. Although not a significant effect, soil compaction decreased the biomass of taproots and lateral roots >15 mm and increased the biomass Fig. 2 . Frequency distributions of 10-year-old loblolly pine stem volume for all measurement trees grown weed free (U-plots) on the Croatan Long Term Site Productvity study area. The whole-tree biomass study included two levels of compaction and three levels of organic matter removal as factors replicated on three blocks. Stem volumes for the preselected trees that were harvested from the inner border rows are shown as circles on each bar graph.
of roots <15 mm (Table 2; Fig. 3 ). Because roots >15 mm (including the taproot) comprised more than 85% of the root biomass for these trees, this resulted in a decrease in total BGB (Table 3 ) in response to increased soil compaction. The decrease in absolute BGB changed the AGB/BGB ratio so much that it was significantly increased by the soil compaction treatment ( Table 2 ). The 20% difference in this ratio (3.68 for C0 vs. 4.37 for C2) was largely driven by the decreased taproot biomass and was noted without a concomitant decrease in AGB.
Changes in root size distribution are important because of the different roles that roots of different diameters play. Taproots and larger diameter roots provide anchorage and storage of water nutrients and starch (Ludovici et al. 2002b) . Smaller diameter roots conduct water, nutrients, and carbohydrates between the soil volume and the tree itself. Decreases in larger root biomass may be related to increased soil compaction because even minimal compaction can be accompanied by significant reductions in macropore volume (i.e., soil pores >50 mm in diameter). A reduction in macropore volume will be coincident with an increase in the micropore volume (<10 mm) and a decrease in total pore space. Such changes in pore size distribution are consistent with changes in the amount of roots in different size classes recorded from this harvest (Table 3 ). There were fewer roots in the >15 mm size class but more in the 5-15 mm size class when trees were grown on compacted plots. Smaller diameter roots can penetrate compacted soil and will create and leave behind smaller diameter channels, when compared with larger diameter roots, potentially impacting both air and water movement through a soil profile.
When trees from the entire LTSP factorial split-plot design are included in the statistical analyses, results indicate that the herbicide treatment had the overwhelming influence on planted pine growth (Table 4) . Mean height, diameter, and stem volume were significantly increased when competing vegetation was controlled for the first 10 years. Pine height and diameter were not significantly impacted by soil compaction, OM removal, or their interaction (Table 4) , and none of the imposed treatments significantly altered tree mortality rate by age 10. However, calculated stem volume was significantly affected by the OM removal (Table 4) but not linearly related to the intensity of the OM removal. Stem volume was greatest (1.17 m 3 ) on plots from which whole trees were removed but the forest floor was left intact (OM1). Stem volume was lowest on plots from which only the boles (OM0) were removed (0.92 m 3 ) and intermediate (1.02 m 3 ) on the OM2 treatment plot. Despite differences in individual stem volume, total stand volume was previously reported to be unaffected by both compaction and OM removal treatments (Sanchez et al. 2006b ).
Biomass allocation
Biomass allocation was more responsive to management treatments than was absolute biomass production. The percentage of biomass allocated to the taproot was significantly impacted by soil compaction (Table 5) , even when the absolute value of biomass in the taproot was not. The percentage of total tree biomass allocated to the taproot decreased from 11.24% to 9.21% as soil compaction increased (Table 6) . No other tissue allocation, aboveground nor belowground, was significantly altered by soil compaction.
Effects of OM removal were also significant when evaluated as percent allocation (Table 5) , rather than an absolute amount. Averaged across soil compaction levels, percent allocation to the bole was greatest in the OM1 (65%) compared with the OM0 (60%) or OM2 treatments (61%) ( Table 6 ). Conversely, mean percent allocation to roots <15 mm in diameter was significantly less in OM1 (8.72%) compared with OM0 (11.32%) or OM2 (10.39%) treatments (Table 6 ). No other aboveground or belowground tissue-allocation patterns were significantly altered by OM removal treatments (Table 5) .
Few studies have included the whole-tree responses as Tateno et al. (2004) have and report that percentages of belowground net primary productivity to total net primary productivity increased as soil nitrogen availability decreased. Another study included multiple species on a sandy site (Coyle and Coleman 2005) . There, the allometric relationships between woody perennial tissues rarely differed among Fig. 3 . Mean absolute biomass of root system components of loblolly pine in the no and severe compaction treatments. Means were calculated across three blocks and three organic matter removal treatments for roots grown weed free (U-) for 10 years at the Croatan Long Term Site Productivity study area. Note: Pine biomass accumulation was measured 10 growing seasons after site establishment at the Croatan Long Term Site Productivity study area, New Bern, North Carolina. AGB, total aboveground biomass; BGB, total belowground biomass.
treatments. Improved resource availability caused large increases in growth and, consequently, accelerated development but had little effect on belowground allocation that was not explained by development. This suggests that resource availability controls growth rate (Morris et al. 1993; Ludovici and Morris 1996) but not biomass allocation pattern, and there must be some other factor causing biomass allocation shifts.
Interaction between the soil compaction and OM removal treatments resulted in significant (p = 0.026) impacts on percent allocation to branches (Table 6 ). There was a decrease in percent allocation to branches with increasing OM removal on the C0 plots (14.39%, 11.16%, and 11.00% from OM0, OM1, and OM2, respectively) but an increase on the C2 plots (11.19%, 10.93%, and 14.91% from OM0, OM1, and OM2, respectively). The interaction between OM removal and soil compaction treatments yielded nearly significant (p = 0.053) (Table 6 ) increases in taproot allocation with increased OM removal on no-compaction sites (10.27%, 10.64%, and 12.82% from OM0, OM1, and OM2, respectively) and a decrease in allocation to the taproot with increased OM removal on the compacted plots (10.66%, 9.32%, and 7.64% from OM0, OM1, and OM2, respectively).
Conclusions
Results from this work demonstrate that loblolly pine root systems respond to silvicultural treatments even when stem growth through 10 years apparently does not. This is in agreement with the results on 1-year-old loblolly pine seed- Table 3 . Aboveground/belowground biomass ratio (AGB/BGB) and biomass (kg/tree) for the whole-tree biomass study, by tree component, for both main effect treatments of compaction and organic matter removal. Note: Pine growth measurements were made 10 growing seasons after site establishment at the Croatan Long Term Site Productivity study area, New Bern, North Carolina. Table 5 . Probability values (p > F) for the ANOVA analysis on the effects of compaction and organic matter removal on percent allocation of pine biomass during 10 growing seasons following site preparation and establishment at the Croatan Long Term Site Productivity study area, New Bern, North Carolina. lings in a similar compaction study. Seedling top masses were similar among treatments, even though root volume was significantly reduced with soil compaction (Page-Dumroese et al. 1998) . Results from this study also suggest that direct physical constraints to root growth and development under conditions of adequate water and nutrients are the most likely cause of shifting allocation from belowground. Pine root biomass comprises 20%-30% of the total mass of large trees mass and leaves substantial amounts of nutrients in the soil after harvest. It follows that forest management activities that decrease biomass allocation to pine roots will decrease nutrient pools in the soil. Because tree root systems persist for decades after harvest (Ludovici et al. 2002a ), roots are a major component of forest carbon budgets, and decreases in root biomass could have longterm impacts on site quality. It is important to consider the long-term implications of soil compaction and organic matter removal on potential root growth and long-term site productivity. This work supports the hypothesis that intensive soil disturbances may decrease long-term site productivity by decreasing tree root biomass the associated nutrient storage capacity without significantly reducing short-term aboveground productivity.
